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Article history: Power transformers are the backbone of electricity transmission and 
, distribution systems throughout the world. The price of power transformers is 

Received Nov 9, 2017 exorbitant (costing millions of dollars per unit) and therefore, frequent 

Revised Jan 28, 2018 maintenance is necessary to ensure that these systems are highly reliable 

Accepted Feb 19, 2018 during their operation. The service life of mineral insulating oils is typically 


30 to 40 years for power transformer applications. However, all insulating 
oils (regardless of their type) are subjected to thermal, electrical and 
Keywords: chemical degradation, which will deteriorate the oil-paper insulating system 
and consequently reduce the capability of the oil as an electrical insulator. 


Adsorbents , i . i 
C ondion monitoring For these reasons, service-aged insulating oils are treated by two types of 
Reclamation processes (i.e. reclamation and reconditioning) in order to prolong the service 


life of these oils. Reclamation (regeneration) is used to treat insulating oils 
with high levels of acidity and sludge. In this paper, a brief review on the 
reclamation technologies used to treat service-aged insulating oils is 
presented, covering various aspects such as the standard test methods that 
need to be complied with, the types of adsorbents used to reduce acidity and 
sludge of the used insulating oils, as well as the findings of several key 
studies related to the evaluation of the effectiveness of the reclamation 
process. This review will indeed benefit researchers and practitioners in this 
field since it provides an overall picture of the recent progress in reclamation 
technologies for service-aged transformer insulating oils. 
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1. INTRODUCTION 

One of the challenges in high voltage engineering is to minimize energy losses in power 
transformers, especially in high load conditions. The heat generated within the power transformer is a result 
of energy losses, which leads to degradation, premature aging and failure of components. This heat can be 
dissipated by circulating a certain liquid (i.e. insulating oil) from the hotter to the lower temperature region in 
order to minimize energy losses from the power transformer. This is illustrated in Figure 1, which shows the 
flow of the insulating oil within the cooling system of a typical power transformer. According to the 
“Transformer Oil Handbook” [1], a relatively high temperature range of 120—180°C leads to insulating 
failure due to the formation of gas bubbles whereas a temperature of 98°C results in aging of the insulating. 
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It is essential for insulating oils to have excellent dielectric properties in order to prevent electrical contact 
between the energized conductors in power transformers. Insulating oils play a significant role in power 
transformers since these oils protect solid insulatings such as Kraft paper and pressboards, as well as quench 
arc discharges [2]. In addition, insulating oils serve as a heat dissipation and acoustic dampening medium. 
Power equipment operators are also able to gauge the condition of the power transformer based on the 
condition of the insulating oil [3]-[5]. 

Power transformers are subjected to various stresses in service as a result of high operating 
temperatures (especially at the hot spots which leads to pyrolysis), electric fields, vibrations from the 
magnetic core, oxygen (which leads to oxidation), moisture (which leads to hydrolysis), and other 
contaminants [6]. Each aspect of the power transformer is analyzed, tested and examined during the different 
stages of product design and development to ensure that the power transformer operates smoothly throughout 
its service life. However, in reality, the mechanical and dielectric properties of various components in the 
power transformer will degrade gradually over time. This degradation process occurs due to chemical 
reactions that take place when the power transformer is in operation, which are further aggravated by the 
presence of heat, oxygen and moisture. Moisture is harmful to the insulating paper since it initiates hydrolysis 
and cellulose chain scission. At the same time, oxygen reacts with the insulating oil (with metals and 
moisture as catalysts), producing a range of oxidation by-products, soluble or insoluble acids, and other polar 
substances [7]—[10]. These degradation products will affect the oil-paper insulating system in the long term, 
which will lead to severe degradation. According to Ward [10], [11], almost 75% of extra high voltage 
(EHV) power transformer failures resulting from dielectric breakdowns can be reduced by periodic 
maintenance including reclamation and reconditioning of insulating oils. In fact, reclaiming insulating oils 
extends the remaining useful life (RUL) of the power transformer by retarding the aging process of the 
insulating paper and pressboard. 
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Figure 1. Flow of Insulating Oil Within the Cooling System of a Typical Power Transformer [1]. 
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Figure 2. Online Mobile Insulating Oil Reclamation Plant: (left) Mobile Truck; (right) Column Tanks Filled 
with Adsorbent. 


Reclamation of insulating oils by means of adsorbent beds has been widely implemented for almost 
30 years [12], [13]. In practice, there are two types of operating modes for the reclamation process (i.e. 
offline and online), as shown in 

Figure 2, respectively. At present, there are two standards that need to be complied with for 
reclamation of insulating oils, namely: (1) IEEE Std 637-1985 (R2007) (i.e. IEEE guide for the reclamation 
of insulating oil and criteria for its use), and (2) BS EN 60422:2013 (i.e. Mineral insulating oils in electrical 
equipment — Supervision and maintenance guidance). A comprehensive treatment on the operation, test 
methods, and properties of reclaimed insulating oils is given in both of these standards [14], [15]. At present, 
there are four types of adsorbents used in the reclamation process, namely: (1) Fuller’s Earth (clay-based), 
bentonite (clay-based), activated alumina (aluminium hydroxide) and activated carbon (carbon-based). All of 
these adsorbents share one common purpose, which is to scavenge the oxidation by-products in the insulating 
oil [10], [16]-[23]. Fuller’s Earth adsorbent is commonly used by maintenance service providers to reclaim 
service-aged insulating oils. However, there is a serious need to explore new types of adsorbents in order to 
enhance the reclamation process since this will extend the service life of insulating oils, which supports the 
notion of a greener environment. In general, these alternative adsorbents should be cost-effective, easy to 
acquire (in other words, the adsorbents can be manufactured locally), and able to be reactivated after use. 
More importantly, these alternative adsorbents should boost the speed of the reclamation process in order to 
minimize the outage period when the power transformer undergoes periodic maintenance [11], [16], [24]- 
[28] ( 


Figure 3). 





(a) b) 


Figure 3. Photographs of the Adsorbents Used in the Reclamation of Used Transformer Oils: (a) Fuller’ s 
Earth, (b) Bentonite and (c) Palm Shell Activated Carbon [26]. 
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2. RECLAMATION OF INSULATING OILS 

In general, service-aged insulating oils are treated by three different processes: (1) reclamation, (2) 
re-refining, and (3) reconditioning. Since this review is focused on reclamation technologies for service-aged 
transformer insulating oils, the scope of the discussion is limited to the reclamation process. Based on the 
definitions given in [12] and [13], reclamation is “the restoration to usefulness by the removal of 
contaminants and products of degradation such as polar, acidic, or colloidal materials from used electrical 
insulating liquids”. At present, there are two standards that need to be complied with regarding reclamation 
of insulating oils, namely: (1) IEEE Std 637-1985 (R2007) (i.e. IEEE guide for the reclamation of insulating 
oil and criteria for its use), and (2) BS EN 60422:2013 (i.e. Mineral insulating oils in electrical equipment — 
Supervision and maintenance guidance). Both of these standards provide a comprehensive guide on the 
reclaiming procedure, the test methods used to assess the reclamation process, as well as the criteria that need 
to be fulfilled to ensure that the reclaimed oils can be used in oil-immersed power transformers [12, 13]. 
Reclaiming service-aged insulating oils is not a task for novice power equipment operators since it requires a 
high level of technical competency and considerable experience. In addition, the properties of the reclaimed 
insulating oil needs to be assessed in order to determine the effectiveness of the reclamation process as well 
as estimate the RUL of the insulating oil. The reclamation process restores the properties of the service-aged 
insulating oil to a level that is comparable with the properties of unused mineral insulating oils specified in 
the IEC 60296 and ASTM D3487 standards. Reclaiming service-aged oils with moderate to high acidity 
typically yields oils with lower oxidation resistance compared with new oils. It is recommended that a 
laboratory feasibility test is carried out prior to the reclamation process. There are two types of reclamation 
process, namely: (1) reclamation by percolation, and (2) reclamation by contact [15], [20], [21]. 


2.1. Reclamation By Percolation 

In this process, the insulating oil is collected from the bottom of the electrical equipment, and heated 
to a specific temperature. The insulating oil is circulated through a filter in order to eliminate solids and 
suspended particles, and the oil is delivered back to the top of the electrical equipment. The insulating oil is 
then circulated through one or more cartridges containing Fuller’s Earth (or any other suitable adsorbents) in 
order to remove soluble polar contaminants. Lastly, the insulating oil is circulated through a reconditioning 
device (i.e. vacuum dehydrator or centrifuge) in order to remove moisture and gasses. There are two types of 
percolation techniques currently available, namely: (1) percolation by gravity, and (2) percolation by 
pressure. The latter technique (i.e. percolation by pressure) can be further divided into four types, namely, 
percolation using: (1) bulk filters, (2) deep bed filtration, (3) throw-away and repackable cartridges, and (4) 
thermo-siphon bypass. 


Figure 4 shows the schematic diagram of percolation by gravity and percolation by pressure using various 
clay bulk filters. 


2.2. Reclamation By Contact 

In this process, the contaminated insulating oil is stirred in a suitable container, and Fuller’s Earth is 
used as the adsorbent. This process is impractical for industrial applications since it requires very long outage 
periods for the electrical equipment. However, this process is useful to recycle large amounts of waste oils. 
Reclamation by contact is typically conducted on a laboratory scale in order to investigate the feasibility of 
the reclamation process for given oil as well as estimate the resultant properties of the oil that can be attained 
if reclamation is conducted on site ( 

Figure 5). 
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Figure 4. Schematic Diagram of Reclamation by Percolation: (a) Percolation by Gravity; (b) Percolation by 
Pressure Using Various Bulk Clay Filters [14]. 





Figure 5. Process of Reclamation by Contact: (a) Mechanical Agitation of the Adsorbent in the Oil by Using 
Hotplate Magnetic Stirrer; (b) Filtering the Oil by Using Vacuum Filtration Flask [29]. 


3. ADSORBENTS 

Adsorption is a process where one substance attracts and holds another substance tenaciously to its 
surface area. In general, most of the contaminants in the insulating oil (including water) are polar in nature 
and therefore, these contaminants are easily adsorbed. The contaminants present in the insulating oil can be 
removed using a suitable adsorbent. Fuller’s Earth is a class of adsorbent clays existing in nature, rather than 
a specific mineralogical species [11], [14], which is commonly used in reclamation of service-aged insulating 
oils. Fuller’s Earth is an active material that contains internal and external polar active sites, which allows the 
non-polar components of the insulating oil to pass through without retention while simultaneously retains the 
polar contaminants or degradation compounds dissolved in the oil [11], [17], [18]. There are a few types of 
clay available, though the ones that are widely used as adsorbents are sepiolite, bentonite, attapulgite, and 
montmorillonite. Fuller’s Earth is most commonly used for reclamation process among all of these clays. 
Fuller’s Earth is composed of silicate anions (Si2Os)n condensed with octahedral layers of the type X(OH), 
where X may be magnesium, aluminum, or other materials. This mined product is then dried and processed 
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by acid activation. Fuller’s Earth is typically supplied as a fine powder, in which the colour may be gray, 
buff, green, brown or blue. Fuller’s Earth is able to remove moisture, neutralize carboxylic acids, and adsorb 
polar contaminants. Moreover, Fuller’s Earth improves discoloration, resulting in a clear insulating oil [14], 
[17], [18], [22]. However, bentonite is a promising low-cost adsorbent that is used extensively to remove 
toxic metal ions from wastewater [16], [24], [25]. Bentonite predominantly consists of smectite, which is a 
2:1 clay mineral containing an octahedral sheet sandwiched between two tetrahedral sheets. The adsorption 
properties of bentonite are directly influenced by their montmorillonite content and interlayer cations. 
Bentonite has also been modified with acid in order to remove impurities and various exchangeable cations 


[16]. 


4. EVALUATION OF THE EFFECTIVENESS OF RECLAMATION PROCESS 

In general, the reclamation process enhances the physical, chemical and electrical properties of the 
insulating oil. The neutralization number, interfacial tension, moisture content, turbidity, viscosity, flash 
point, fire point, AC breakdown voltage, dielectric dissipation factor ( 

Figure 6), polarization and depolarization current ( 

Figure 7), and absorbance curves using ultraviolet-visible spectroscopy (UV-Vis) in 

Figure 8 and fourier transform infrared spectroscopy (FT-IR) in 

Figure 9 are among the properties examined by many researchers to evaluate the effectiveness of the 
reclamation process. 
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Figure 6. Frequency Scans of the Loss Factor for New and Reclaimed Transformer Insulating Oils After 15 
Passes [11]. 
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Figure 7. Measured Polarization and Depolarization Current (PDC) of 2 in-Service Transformer (T1Y and 
T2Y) Insulating Oil Before and After the Reclamation Process [30]. 
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Figure 8. Absorbance Curves of UV-Vis Illustrating the Effect of Reclamation 
Passes on Oil Quality [11], [31]. 


ome Used oil = Regenerated oil by adsorbent SG(10°6) 
wre Regenerated oil by adsorbent SG(5°%e)-AB(S*c) or Regenerated oil by adsorbent SG(4°%)-AB(S5*%e)-MO(1% 
= Regenerated oll by adsorbent ACH(1°%e)-MO(1%)-AB(2%e)-SG(6%. 








100 | 
+ 
80 =; l | 
"is Wi 
S | lin 
I 60 7 N 
= | pi à 
S l “ 4 è at i 
fan ; " p Fo A MA f | 
1725-1700 cor . l Í 
F 40 7 CeO: Carbonyl l ` A 
| 1600-1650 i | 
| O NO, : Nitrate H \ 
20 - \ 
? n ` ° ` > . n n , ° ` ° ° ? 
4000 3000 2000 1000 


Wavenumber (cm) 


Figure 9. FT-IR Spectra of Service-Aged Insulating Oil Reclaimed 
with Mixtures of Adsorbents [28]. 


5. CONCLUSION 

A brief review on the reclamation technologies for service-aged transformer insulating oils is 
presented in this paper. It is known that in-service insulating oils will degrade over time due to oxidation, 
resulting in unfavorable physical, chemical and electrical properties of the oils. For this reason, reclamation is 
used to treat service-aged insulating oils, and restore the properties of these oils to a level that is comparable 
to the properties of unused oils. Reclamation prolongs the service life of used insulating oils, which helps 
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minimize wastes since the oils can be used over an extended period, rather than being disposed into the 
landfill. In addition, reclaimed transformer insulating oils extend the life expectancy of power transformers 
since these oils decelerate the aging process of the insulating paper and pressboard in oil-paper insulating 
systems. Reclamation of insulating oils by means of adsorbent beds has been widely implemented for almost 
30 years. Since most of the contaminants in service-aged insulating oils are polar in nature, these 
contaminants can be easily adsorbed (and thus, removed) using a suitable adsorbent. At present, Fuller’s 
Earth is the adsorbent most commonly used in the reclamation process since it is able to remove moisture, 
neutralize carboxylic acids, and adsorb polar contaminants, resulting in translucent insulating oil with 
favorable properties. However, Fuller’s Earth can only be used once, and therefore, it must be disposed into 
the landfill after use. Hence, there is a need to explore alternative adsorbents that are more cost-effective, 
easy to acquire (whereby these adsorbents can be manufactured locally in Malaysia), and can be reactivated 
after use. More importantly, these alternative adsorbents should expedite the reclamation process, which will 
in turn, reduce the outage period when the power equipment undergoes periodic maintenance. This is indeed 
an interesting area for future research. 
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